Abstract: Lead (Pb), depending upon the reactant surface, pH, redox potential and other factors can bind tightly to the soil with a retention time of many centuries. Soil-metal interactions by sorption, precipitation and complexation processes, and differences between plant species in metal uptake efficiency, transport, and susceptibility make a general prediction of soil metal bioavailability and risks of plant metal toxicity difficult. Moreover, the tight binding characteristic of Pb to soils and plant materials make a significant portion of Pb unavailable for uptake by plants. This experiment was conducted to determine whether the addition of ethylenediaminetetraacetic acid (EDTA), ethylene glycol tetraacetic acid (EGTA), or acetic acid (HAc) can enhance the phytoextraction of Pb by making the Pb soluble and more bioavailable for uptake by coffeeweed (Sesbania exaltata Raf.). Also we wanted to assess the efficacy of chelates in facilitating translocation of the metal into the above-ground biomass of this plant. To test the effect of chelates on Pb solubility, 2 g of Pb-spiked soil (1000 mg Pb/kg dry soil) were added to each 15 mL centrifuge tube. Chelates (EDTA, EGTA, HAc) in a 1:1 ratio with the metal, or distilled deionized water were then added. Samples were shaken on a platform shaker then centrifuged at the end of several time periods. Supernatants were filtered with a 0.45 µm filter and quantified by inductively coupled plasma-optical emission spectrometry (ICP-OES) to determine soluble Pb concentrations. Results revealed that EDTA was the most effective in bringing Pb into solution, and that maximum solubility was reached 6 days after chelate amendment. Additionally, a greenhouse experiment was conducted by planting Sesbania seeds in plastic tubes containing top soil and peat (2:1, v:v) spiked with various levels (0, 1000, 2000 mg Pb/kg dry soil) of lead nitrate. At six weeks after emergence, aqueous solutions of EDTA and/or HAc (in a 1:1 ratio with the metal) or distilled deionized water were applied to the root zones. Plants were harvested at 6 days after chelate addition to coincide with the duration of maximum metal solubility previously determined in this study. Results of the greenhouse experiment showed that coffeeweed was relatively tolerant to moderate levels of Pb and chelates as shown by very slight reductions in root and no discernable effects on shoot biomass. Root Pb concentrations increased with increasing levels of soil-applied Pb. Further increases in root Pb concentrations were attributed to chelate amendments. In the absence of chelates, translocation of Pb from roots to shoots was minimal. However, translocation dramatically increased in treatments with EDTA alone or in combination with HAc. Overall, the results of this study indicated that depending on the nature and type of Pb-contaminated soil being remediated, the bioavailability and uptake of Pb by coffeeweed can be enhanced by amending the soil with chelates especially after the plants have reached maximum biomass.
Introduction
Metals differ from other toxic substances in that they are neither created nor destroyed by humans. Nevertheless, utilization by humans influences the potential for health effects in at least two major ways: first by environmental transport such as anthropogenic contributions to air, water, food and soil; and second, by altering the speciation or biochemical form of the element. Lead, in particular, depending upon the reactant surface, pH, redox potential, and other factors can bind tightly to the soil [1] [2] [3] with a retention time of 150 to 5000 years [1, 4] .
In spite of the ever-growing number of toxic metalcontaminated sites, the most commonly used methods of dealing with heavy metal pollution are either the extremely costly process of excavation and reburial or simply isolation of the contaminated sites. Remediation costs in the U.S. have been estimated at $7 billion to $8 billion per year, approximately 35% of which involves remediation of metals [5] .
Recently, heavy metal phytoextraction has emerged as a promising, cost-effective alternative to the conventional methods of remediation [6] [7] [8] [9] [10] .
The objective of phytoextraction is to reduce heavy metal levels below regulatory limits within a reasonable time frame [7] . To achieve this objective, plants must accumulate high levels of heavy metals and produce high amounts of biomass [8] [9] [10] [11] . Soil-metal interaction by sorption, precipitation, and complexation processes, and differences between plant species in metal uptake efficiency, transport, and susceptibility make a general prediction of soil metal bioavailability and risks of plant metal toxicity difficult [12] . Moreover, the tight binding characteristic of Pb to soils and plant materials make Pb especially challenging for phytoremediation [13] .
Previous hydroponic studies revealed that uptake and translocation of heavy metals in plants are enhanced by increasing heavy metal concentration in the nutrient solution [14] . The bioavailability of heavy metals in the soil is therefore, of paramount importance for successful phytoextraction. Lead has limited solubility in soils, and its availability for plant uptake is minimal due to complexation or binding with organic and inorganic soil colloids, and precipitation as carbonates, hydroxides, and phosphates [15] [16] [17] [18] .
Studies have shown that chelates can not only desorb heavy metals from the soil matrix into soil solution [19] , but can enhance the bioavailability of Pb for uptake by the plant. Also, it has been reported that chelate amendments may aid in moving the Pb that is sequestered in the xylem cell wall of the roots upwards and into the shoots [3, [20] [21] [22] [23] [24] . Specifically, this study was conducted to determine whether amendments of chelates such as EDTA, EGTA or HAc can enhance the solubility of Pb and make it more bioavailable for root uptake. Also we wanted to assess the efficacy of chelates in facilitating translocation of the metal into the shoots of coffeeweed. Our aim in this study was not only to utilize a Pb-specific chelate, but to also apply it in a time-efficient manner so that we could harvest the plant during its peak phytoextraction period. In a practical field application, this could reduce the risk of water pollution due to chelates and/or chelate-metal complexes migrating from the soil. Results of this study will be used to help establish an optimal time frame for harvesting Sesbania exaltata after chelate amendment, thereby limiting the likelihood of exposure to grazing animals.
Materials and Methods
In order to minimize discrepancies in the experimental results that could arise from heterogeneous soil samples, a laboratory contaminated soil sample was used throughout this experiment so that we could create a test sample with consistent lead concentration and speciation, soil composition, contamination process, and contamination period.
Delta top soil and humus peat were air-dried to approximately 1 -3% moisture content for 3 -4 days under greenhouse conditions. Top soil and peat were cleaned of debris using a 1-cm sieve. Soil was prepared by mixing sieved soil, and peat in a 2:1 volumetric proportions. Representative samples of the prepared soil mixture were sent to Mississippi State University Soil Testing Laboratory, Mississippi State, MS to determine its physical and chemical characteristics.
Solubility Test and Chelate Selection
To prepare lead-contaminated soil for the leadsolubility test, approximately 550 g of the dry, sieved delta topsoil, peat mixture (2:1 v/v) were placed in a plastic Ziploc bag and amended with 1000 mg Pb/kg dry soil mixture using lead nitrate. Deionized distilled water was added to each bag of soil mixture to adjust the soil moisture content to approximately 30% field capacity. The bags of soil were left to equilibrate (age) on a laboratory bench in the greenhouse for six weeks. The bags were occasionally turned and mixed during the incubation period to ensure thorough mixing.
After incubation, 2 g of Pb-contaminated soil were placed into each 15 mL BD Falcon tube. The appropriate chelate (ethylenediaminetetraacetic acid [EDTA] , ethylene glycol tetraacetic acid [EGTA], or acetic acid [HAc] in a 1:1 ratio with the metal) was added to each tube for a final volume of 10 mL (1:5 soil to chelate ratio). Deionized distilled water was used as a control. The soilchelate mixture was then agitated in a Classic C-1 platform shaker for 0, 1, 2, 5, 6, and 7 days at room temperature. To ensure homogeneity, the mixture was shaken for 10 minutes for time 0. At the end of each time period, the suspension was centrifuged at 5000 rpm (Fisher Scientific Centrific® Centrifuge Model 225) with a 5-minute acceleration and 30-minute deceleration. The supernatant was then filtered through a Whatman 0.45 µm filter paper and Pb contents of each filtrate were quantified using inductively coupled plasma-optical emission spectrometry (ICP-OES; Perkin Elmer Optima 3300 DV).
Greenhouse Experiment
Plants were grown in the Jackson State University greenhouse to evaluate the effectiveness of soil-applied chelating agents in enhancing metal uptake by Sesbania exaltata. Lead-spiked soil for the greenhouse experiment was prepared similarly as previously described for the solubility test. Approximately 550 g of the dry, sieved delta topsoil, peat mixture (2:1 v/v) were placed in a plastic Ziploc bag and amended with either 0, 1000, or 2000 mg Pb/kg dry soil mixture using lead nitrate. The Pb concentrations were chosen to simulate a moderately contaminated soil. Deionized distilled water was added to the bags to adjust the soil moisture content to approximately 30% field capacity. The bags of soil were left to age on a laboratory bench in the greenhouse for six weeks. The bags were occasionally turned and mixed during the aging period to ensure thorough mixing.
Sowing of seeds: In order to soften the seed coat, Sesbania seeds were placed in a beaker that had been filled with deionized distilled water and the water was heated to 40°C. The heat was then turned off, and the seeds were left to soak in the water for 24 hours. To prepare planting tubes, brown Wipe-All paper towels were folded and pushed to the bottom of each 656 mL Deepot tube (Stuewe and Sons, Inc., Corvallis, OR). The holes on the sides and at the bottom of the tubes were then wrapped with parafilm to prevent water from leaching from the bottom of the tube and to allow aeration at the root zone. Each Deepot tube was then filled with 550 g of the appropriate Pb-spiked soil mixture (0, 1000, 2000 mg Pb/kg dry soil) and 6 pre-soaked Sesbania seeds were planted and watered with 20 mL deionized distilled water.
Plant establishment and maintenance: Plants were irrigated every 2 days with 20 mL of either deionized distilled water or with a modified [23] Hoagland's nutrient solution (pH 6.5) which contained the following nutrients in mM: NH 4 A 250-mL plastic cup was placed under each tube for leachate collection and to prevent cross contamination among treatments. Any leachate collected in each plastic cup was poured back into its corresponding tube. Periodically, these cups were rinsed with deionized distilled water and the resulting washing solutions were poured back into the respective tubes. The volume of water and/or nutrient solution ensured that soil moisture content was maintained at field capacity. Plants were maintained in a naturally-lit greenhouse throughout the experimental period. Emerged seedlings were thinned out to a desired population density of 2 plants per tube at 5 days after emergence.
Ethylenediaminetetraacetic acid (1:1 ratio with the Pb) was applied as 100 mL aqueous solution 6 weeks after emergence. One hundred mL aqueous HAc solutions were also added to some treatments immediately after EDTA applications. This experiment consisted of twelve treatments, arranged in a randomized complete block design (RCBD) with 2 plants per tube replicated 4 times for each harvesting period (0, 6, and 7 days after chelate amendment).
During harvest, shoots and roots were separated, and roots were washed with distilled water to remove any adhering debris, then oven-dried in a Thelco convection oven at approximately 75°C for at least 48 hours.
Metal Extraction and Analyses
Dried samples were weighed and ground in a Wiley mill equipped with a 425 µm (40-mesh) screen. Lead contents were extracted using EPA test method 3040B with slight modifications. Briefly, 40 ml of 50% aqueous nitric acid were added to a 250 mL Erlenmeyer flask containing a representative sample of ground plant tissue. The acidified sample was heated to 35°C, refluxed for 15 minutes without boiling, and then allowed to cool. Another 10 mL of 50% aqueous nitric acid were added and the sample was again heated and refluxed without boiling. To initiate the peroxide reaction, 2 mL of deionized distilled water and 3 mL of 30% hydrogen peroxide were added to the concentrated digestate and heated until effervescence subsided. Another 7 mL of 30% hydrogen peroxide were added continuously in 1 mL aliquots as the digestate was again heated. The digestate was heated until effervescence was minimal and its volume reduced to approximately 5 mL. After cooling, the final digestate was diluted to approximately 15 mL with deionized water. The digestate was filtered through a filter paper (Whatman No. 1) and the final volume was adjusted to 25 mL with deionized, distilled water.
Lead concentrations were quantified using Inductively Coupled Plasma-Optical Emission Spectrometry [ICP-OES; Perkin Elmer Optima 3300 DV] and expressed as µg Pb/g dry weight of plant tissue.
Statistical Analyses
The solubility test and chelate selection experiment consisted of 4 treatments replicated 3 times for each time period (0, 1, 3, 5, 6, and 7 days). The greenhouse experiment consisted of 2 plants per tube, replicated 4 times for each of 3 harvesting periods (0, 6, and 7 days after chelate amendment). Data were analyzed using Statistical Analysis System (SAS V9). Treatment comparisons were done using Fisher's Protected Least Significant Difference (LSD) test. A probability of less than 5% (p < 0.05) was considered to be statistically significant.
Results and Discussion
For soil remediation initiatives, it is important to characterize both the chemical and physical parameters of the soil. Composition (e.g., nutrients, organic and inorganic materials), and soil mixture may all influence how the contaminant will behave. In general, in can be concluded that the chemistry of metal interaction with soil matrix is central to the phytoremediation concept. While the soil used in this study was high in phosphorus, potassium, and magnesium, these were nonetheless essential plant nutrients. Results of the soil analysis by Mississippi State University Soil Testing Laboratory are summarized in Table 1 , and showed that the parameters of the soil used in this study were well within limits for our objectives. 
Solubility Test and Chelate Selection
Results of ICP-OES analyses revealed that among the chelates tested (EDTA, EGTA, and HAc), EDTA was the most effective in solubilizing soil-bound Pb (Fig. 1) . Lead concentrations in soil solution increased with extraction time and remained constant 6 to 7 days after chelate amendment. Values not shown for a given extraction time indicates that Pb was not detected.
After 6 days, Pb concentration in soil solution of the EDTA-treated soil was 10.53 µg Pb/mL, as compared to 1.057, 0.047, and 0.048 µg Pb/mL for EGTA, HAc, and H 2 O, respectively. These findings are consistent with those reported by Shen and his colleagues [25] , who found that the Pb-concentration in soil solution of the EDTAtreated soil was 42-fold higher than that of the control soil, and that citric acid application to the soil produced only a small increase in the Pb concentration of soil solution and used by itself was much less effective than other chelates used.
We hypothesized that the efficacy of EDTA in solubilizing Pb from the soil may be related to the high binding capacity of EDTA for Pb as shown in previous studies [3, 20] . It may also be presumed that EGTA and HAc are more rapidly degraded than EDTA. Our aim in the solubility study was not only to utilize a Pb-specific chelate, but to also apply it in a time-efficient manner so that we could harvest the plant during its peak phytoextraction period. In a practical field application, this would reduce the likelihood of herbivores eating the contaminated plants, as well as limit the risk of water pollution due to chelates and/or chelate-metal complexes migrating from the soil.
Greenhouse Experiment
Lead-tissue concentration: Lead taken up by plants is usually increased with Pb concentrations in soil [26, 27] . Lead concentrations in root tissues were highest at 2000 mg Pb/kg, with EDTA alone or in combination with HAc (Fig. 2) . Also, Pb concentrations were higher for day 6 than for day 7. When no chelates were applied, shoot Pb concentrations slightly increased with increasing levels of soil-applied Pb. This could be due to Pb binding to ion exchangeable sites on the cell wall and extracellular deposition mainly in the form of Pb carbonates deposited on the cell wall as previously demonstrated [28] . Lead being a soft Lewis acid, forms a strong covalent bond not only with the soil, but with plant tissues as well [20] . It is believed that since the xylem cell walls have a high cation exchange capacity, the upward movement of metal cations are severely retarded [10] .
In the absence of chelates Pb concentration in shoots of coffeeweed plants grown at 1000 and 2000 mg Pb/kg were minimal (Fig. 3) . With the addition of chelates alone or in combination with HAc, translocation significantly increased in day 0 and day 6. With the addition of chelates, it appeared that not only did the roots absorb more lead, but the metal was translocated to the shoots, facilitating some of the desirable characteristics of a hyperaccumulator, such as a high metal uptake by the roots, and translocation of the metal from the root to the above ground shoots. By day 7, however, there was not only a decline in the translocation of Pb to the shoots, but the decline was significantly lower in the 2000 mg Pb/kg treatments as compared to 1000 mg Pb/kg treatments. Aqueous solutions of EDTA and HAc were applied alone or in combination in a 1:1 ratio with [Pb(NO 3 ) 2 ] six weeks after seedling emergence. Plants were harvested at 0, 6, and 7 days after chelate application. *Indicates that HAc was added following EDTA amendment. SEM = standard error of the mean of 4 replications. **Means followed by a common letter are not significantly different from other treatments within the same harvesting period (p < 0.05). Table 3 : Effects of lead and chelates on shoot dry biomass of Sesbania exaltata Raf. at 0, 6,and 7 days after chelate application Aqueous solutions of EDTA and HAc were applied alone or in combination in a 1:1 ratio with [Pb(NO 3 ) 2 ] six weeks after seedling emergence. Plants were harvested at 0, 6, and 7 days after chelate application. *Indicates that HAc was added following EDTA amendment. SEM = standard error of the mean of 4 replications. **Means followed by a common letter are not significantly different from other treatments within the same harvesting period (p < 0.05).
Our results are comparable with experiments by other investigators who have reported that bringing the Pb into solution with a chelating agent, not only makes more Pb bioavailable for root uptake [10, 20, 29] , but also moves the Pb that is sequestered in the xylem cell wall upwards and into the shoots.
Blaylock [3] demonstrated with Indian mustard (Brassica juncea (L.), and Huang et al. [20] demonstrated with peas (Pisum sativum L.) and corn (Zea mays L.) that the addition of EDTA to Pbcontaminated soil increased the shoot Pb concentrations by 300-fold, 111-fold, and 57-fold, respectively. Transport across root cellular membrane is an important process which initiates metal absorption into plant tissues. Several studies have shown that sequestration in root vacuole may prevent the translocation of some metals from root to shoot [30] whereas in hyperaccumulating plants, the mechanism of vacuolar sequestration may be disabled, allowing metal translocation and hyperaccumulation in leaves [30] . Therefore, it is generally agreed that the ability of plants to move the Pb upwards into the shoots varies much more than their ability to accumulate metals in the roots [29, 31] .
Biomass: The capacity of plants to remove contaminants from the soil is a function of biomass per unit area and concentration of the contaminant in the plants [32] . Lead is not considered to be an essential element for plant growth and development, rather Pb inhibits growth, reduces photosynthesis (by inhibiting enzymes unique to photosynthesis), interferes with cell division and respiration, reduces water absorption and transpiration, accelerates abscission or defoliation and pigmentation, and reduces chlorophyll and adenosine triphosphate (ATP) synthesis [33] . At maturity, metalenriched aboveground biomass is harvested and a fraction of soil metal contamination removed [29, 34, 35] .
Our results revealed that root biomass was not significantly different across the treatments. However, roots that were grown in 0 mg Pb/kg soil had the lowest biomass, followed by treatments of 1000 mg Pb/kg soil. The highest root biomass was seen in treatments of 2000 mg Pb/kg soil ( Table 2) . Shoot biomass followed the trend of root biomass. For each harvesting period (0, 6, and 7 days) shoots that were grown in the highest lead treatments (2000 mg Pb/kg soil) alone or in combination with chelates had the highest biomass (Table 3) . It is known that metal phytotoxicity causes stress to the plant resulting in a reduction in biomass and eventual death (in some cases). However, we observed no discernible phytotoxic symptoms in neither roots nor shoots. We concluded from this study and from earlier studies [24] that Sesbania may be tolerant to Pb-EDTA complex. Vassil et al. [21] demonstrated with Indian mustard that EDTA appears to chelate Pb outside of the plant, and then the soluble Pb-EDTA complex is transported through the plant, via the xylem, and accumulates in the leaves. Further, they found that toxicity symptoms in Indian mustard exposed to Pb and EDTA were strongly correlated with the presence of free protonated EDTA in solution.
Another explanation for the apparent metal tolerance seen in Sesbania may be the presence of natural metalbinding peptides. Cunningham and Ow [2] described the presence of specific high-affinity ligands as one of the metal-resistant mechanisms existing in some plants. These ligands, known as phytochelatins and metallothioneins, are reported to make the metal less toxic to the plant [36, 37] . We are not certain whether this resistance mechanism may exist in Sesbania, however, corollary studies regarding the relationship between Pb uptake and phytochelatin synthesis in coffeeweed are being investigated in our laboratory.
Results of this study indicated that EDTA can be applied to selected Pb-contaminated soils in a timeefficient manner so that plants can be harvested during their peak phytoextractive period, thereby limiting the likelihood of exposure to herbivores as well as reducing the risk of water pollution due to chelates and /or chelatemetal complexes migrating from the soil. 
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